The cancer stem cell hypothesis suggests that malignant growth depends on a subset of tumor cells with stem cell-like properties of self-renewal. Because hedgehog (Hh) signaling regulates progenitor cell fate in normal development and homeostasis, aberrant pathway activation might be involved in the maintenance of such a population in cancer. Indeed, mutational activation of the Hh pathway is associated with medulloblastoma and basal cell carcinoma; pathway activity is also critical for growth of other tumors lacking such mutations, although the mechanism of pathway activation is poorly understood. Here we study the role and mechanism of Hh pathway activation in multiple myeloma (MM), a malignancy with a well defined stem cell compartment. In this model, rare malignant progenitors capable of clonal expansion resemble B cells, whereas the much larger tumor cell population manifests a differentiated plasma cell phenotype that pathologically defines the disease. We show that the subset of MM cells that manifests Hh pathway activity is markedly concentrated within the tumor stem cell compartment. The Hh ligand promotes expansion of MM stem cells without differentiation, whereas the Hh pathway blockade, while having little or no effect on malignant plasma cell growth, markedly inhibits clonal expansion accompanied by terminal differentiation of purified MM stem cells. These data reveal that Hh pathway activation is heterogeneous across the spectrum of MM tumor stem cells and their more differentiated progeny. The potential existence of similar relationships in other adult cancers may have important biologic and clinical implications for the study of aberrant Hh signaling.
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cancer stem cells ͉ cancer therapy ͉ cyclopamine T he hedgehog (Hh) signaling pathway is a highly conserved system for the regulation of patterning and progenitor cell fates in animal development (1) . In mammals, three Hh ligands (sonic, Indian, and desert) mediate signaling through morphogen gradients as dual lipid-modified signaling peptides (2, 3) . Without ligand, the predominant Hh receptor patched1 (Ptch1) maintains tonic inhibition of Hh signaling through catalytic inhibition of smoothened (Smo) (4), a seven-transmembrane domain protein essential for Hh pathway activation (5) . Smo is the molecular target of cyclopamine, a plant-derived alkaloid that is a naturally occurring Hh pathway antagonist (6, 7) . Activation of Smo results in activation of the Gli transcription factors that trigger the Hh transcriptional program, including up-regulation of Ptch1 and Gli1 expression (2, 5) . In the developing cerebellum, granule cell precursors require sonic Hh (Shh) derived from specialized Purkinje cells for their proliferation during the perinatal period (8) . Similarly, the embryonic and adult skin requires the pathway to maintain and expand its progenitor compartment (8) . Loss of function mutations in PTCH1 or gain of function mutations in SMO are associated with medulloblastoma and basal cell carcinoma (9, 10) . Germ-line mutations in PTCH1 (Gorlin syndrome) result in a marked propensity for both of these cancers, which, along with several well characterized mouse models, show that mutational activation of Hh signaling is sufficient to drive oncogenesis in organs that depend on this pathway for their development (10, 11) . Moreover, an ongoing requirement for Hh pathway activation in medulloblastoma is revealed by the effectiveness of cyclopamine and other Smo antagonists as potential tumor therapies in mouse models (12, 13) .
Accumulating evidence from several groups suggests that aberrant Hh signaling is a feature of some lung (14) (15) (16) , foregut (17, 18) , and prostate (19, 20) cancers without a requirement for mutations in PTCH1 or SMO. The mechanism of abnormal Hh pathway activation in such ''non-Gorlin'' tumors remains unclear; however, growth of a significant proportion of these cancers is inhibited by cyclopamine, suggesting that events leading to SMO activation contribute to the malignant phenotype of these tumors (21) . Genetic mouse models suggest that Hh signaling may contribute to the initiation and expansion of an aberrant progenitor population (22, 23) , which is then maintained in cancer as a tumor ''stem cell.'' This idea is consistent with the hierarchical theory of cancer stem cells, in which a small number of poorly differentiated, clonally competent progenitors maintain growth and self-renewal of the tumor (8, 22) .
To explore the hypothesis that Hh signaling regulates tumor stem cell fate in non-Gorlin cancers, we turned to multiple myeloma (MM), a plasma cell malignancy of the bone marrow, as a model. MM is characterized by abnormal proliferation of plasma cells that express the surface marker CD138 and typically synthesize a monoclonal, light chain-restricted antibody (24) . We have shown previously that MM contains two distinct populations, a small number of CD138 neg CD19 ϩ stem cells that resemble memory B cells and a large majority of malignant CD138 ϩ CD19 neg terminally differentiated plasma cells (25) . The CD138 neg cells are highly efficient at forming colonies from single cells that give rise to CD138 ϩ progeny and can initiate MM following transplantation into nonobese diabetic/severe combined immunodeficient (NOD/SCID) mice (25) . By contrast, CD138 ϩ cells have limited clonal potential in cell lines and no clonal potential when purified from bone marrow aspirates from MM patients (25) . In this work, we explore the importance of Hh signaling in tumor stem cell biology by using MM as a model. In a subset of both MM cell lines and clinical samples, we demonstrate a marked asymmetry in the level of Hh pathway component expression, Hh reporter activity, and cyclopamine sensitivity between the stem cell and differentiated tumor cell compartments of this tumor. Inhibition of SMO function suggests that Hh signaling is required to maintain MM stem cells in an undifferentiated, clonally proliferative state. This paradigm could form the basis for investigating aberrant Hh signaling in other tumors.
Results and Discussion
Hh Pathway Expression and Activity in MM Cell Lines. Using a conventional approach to studying Hh signaling in tumors (14, 17) , we assayed transcript levels of Hh pathway components in MM cell lines conditioned to grow in low-serum conditions. We included two cell lines in which we have identified stem cell populations, NCI-H929 and RPMI 8226 (25) . Qualitative RT-PCR analysis demonstrates Hh pathway component expression was variable across a range of MM cell lines (Fig. 1A) . NCI-H929 cells coexpressed INDIAN HEDGEHOG (IHH), PTCH1, SMO, and GLI1. In addition, all of the MM cell lines lacked expression of HHIP, a secreted Hh ligand antagonist that is epigenetically silenced in pancreatic cancer (26) . This expression pattern resembles that of other cancers in which Hh signaling may play an important role (14, 17) . By contrast, RPMI 8226 cells lack expression of SMO, which is essential for Hh signaling (27) , and should therefore render this cell line Hh ligand independent ( Fig. 1 A) . Quantitative expression analysis demonstrated variable up-regulation of PTCH1, SMO, and GLI1 in MM cell lines when compared with normal human CD138 ϩ cells derived from healthy donor bone marrow (Fig. 1B) . Both NCI-H929 and KMS-12 lines exhibited up-regulation of SMO (Fig. 1B) .
Hh Pathway Expression in MM in Vivo.
To address the effect of culture conditions and the tumor microenvironment on the Hh pathway, NCI-H929 cells were labeled with retroviral green f luorescent protein (GFP) expression vector and injected intravenously into sublethally irradiated NOD/SCID mice. Osteolytic engraftment is detected by f luorescent lesions in the spine and skull [supporting information (SI) Fig. 5 A] , characteristic MM histopathology (SI Fig. 5B ), and cells strongly immunoreactive for GFP (SI Fig. 5C ). This model is similar to that described by using RPMI 8226 cells in NOD/SCID mice (28) . NCI-H929-derived tumors expressed markedly increased levels of SMO when compared with cultured MM cells (Fig.  1C) . In addition, we observed significant alterations in Hh pathway gene expression in response to changes in serum concentration in cultured cells (Fig. 1C) . These data reveal that the cell microenvironment markedly affects the expression of Hh pathway components. However, we observed only modest up-regulation of SMO, GLI1, and PTCH1 (Fig. 1D ) in bone marrow cells from MM patients purified on the basis of CD138 expression. To explain this discrepancy, we considered the possibility that CD138 ϩ bone marrow cells from MM patients lack a pathway active population.
Hh Pathway Expression and Activity in MM Stem Cells. Our earlier studies demonstrated the existence of highly clonogenic CD19 ϩ CD138 neg population in MM cell lines and primary bone marrow samples from MM patients (25) . We hypothesized that this tumor stem cell population, lacking in clinical CD138 ϩ bone marrow samples, was the locus of Hh pathway activation in MM. Consistent with previous reports (29, 30) , quantitative analysis of Hh pathway transcripts in normal human bone marrow populations revealed that CD34 ϩ bone marrow progenitors expressed the highest levels of SMO ( Fig. 2A) , but showed relatively low expression of PTCH1. In contrast, differentiated cells of the B lymphocyte lineage down-regulated SMO expression in favor of increasing levels of PTCH1 (Fig. 2 A) . NCI-H929 MM cells sorted by CD138 expression revealed a marked asymmetry in gene expression, with the highest levels of SMO seen in the 
CD138
neg population (Fig. 2B) . Although GLI1 expression was evenly distributed, PTCH1 expression was a prominent feature of the CD138 ϩ tumor subset, resembling the pattern seen in normal CD138
ϩ cells. The B cell compartment of MM patients contains highly clonogenic, light chain-restricted MM stem cells and a variable fraction of residual normal B cells that lack such properties (25) . Quantitative transcript analysis of CD19 ϩ CD138 neg cells from MM bone marrow aspirates reveals prominent up-regulation of SMO mRNA in many patients when compared with normal bone marrow CD19 ϩ cells (Fig. 2C ). Although consistent with the MM cell line data, we cannot exclude the possibility that up-regulation of Hh pathway activity may be occurring in normal B cells, activated as part of a humoral immune response. Similarly, we cannot rule out the possibility that progression of MM leads to increased representation of MM B cell progenitors in the CD19 ϩ compartment, which then contributes to increased levels of Hh pathway transcripts. Despite these variables, our data suggest that up-regulation of SMO expression is a common feature of normal bone marrow stem cells, as well as MM stem cells, in both cell lines and primary tumor samples.
Expression of SMO was then analyzed in CD19 ϩ and CD138 ϩ bone marrow cells from MM patients. To control for the purity of the cell sorts in this experiment, we also measured the expression of CD19 and CD138 mRNA and analyzed the level of SMO expression as a function of the CD19/CD138 ratio in each sample (Fig. 2D) . Paired CD19 ϩ and CD138 ϩ purified from the bone marrow of the same patients also revealed that SMO expression was consistently higher in the CD19 ϩ compartment (Fig. 2E) . We characterized the CD138 neg population as the predominant locus of Hh pathway activation in NCI-H929 cells by using a fluorescence reporter assay (Fig. 2F) . In this experiment, the luciferase expression cassette of the 8XGliLuc reporter vector (31) was replaced with cDNA encoding yellow fluorescent protein (YFP). NCI-H929 cells were cotransfected with a vector expressing red fluorescent protein (RFP) under the control of a CMV promoter, and all cells were stained for CD138. FACS analysis of mean fluorescence intensity for YFP was calculated in RFP-expressing cells and segregated according to CD138 expression. Fig. 2F demonstrates that Gli reporter activity was seen predominantly in the CD138 neg fraction. Taken together, these data suggest that SMO expression and activity predominates in the stem cell compartment of MM. However, these data contradict the standard model of Hh signaling in which PTCH1 expression is used as a marker of Hh pathway expression. In contrast, we find that in cells from normal and MM bone marrow, SMO is highly expressed in the progenitor compartment, whereas PTCH expression predominates in more differentiated cells. These data suggest that stem cell populations may express high levels of SMO and inadequate levels of PTCH1, resulting in a significant level of basal pathway activation, which can be further augmented by ligand stimulation. This finding also suggests a mechanism by which organspecific progenitors might regulate Hh signaling in both homeostasis and cancer.
A Requirement for Hh Signaling in MM Stem Cells. Using an Hh pathway-specific luciferase reporter (31), we next showed that the Hh pathway was active in NCI-H929 and KMS-12 cells (Fig.  3A) . This activity could be increased by Hh ligand (ShhNp), as well as inhibited by cyclopamine or the neutralization of Hh ligand with the monoclonal antibody 5E1 (Fig. 3A) . By contrast, RPMI 8226 cells, which lack SMO expression, exhibited no significant reporter activity. Activation of Hh signaling by ligand implies that the downstream Hh signaling pathway is intact because pathway activity in PTCH1 mutant cells is ligandindependent (17). Down-regulation of signaling by both cyclopamine and 5E1 implies that constitutive, ligand-driven Hh signaling is present in NCI-H929 and KMS-12 cells (17) .
In conventional cell growth assays measuring cell number or viability, we observed little or no effect of any of these treatments on the growth of whole MM cell cultures over a 10-day period (data not shown), demonstrating that the majority of these cells were not dependent on Hh signaling for survival or short-term replication. To test the requirement for Hh signaling in tumor self-renewal, we studied three MM cell lines (NCI-H929, KMS-12, and RPMI 8226) with similar clonogenic capacity in vitro (data not shown). Cells were treated with cyclopamine or 5E1 for 3 days, washed free of drug or antibody, and then plated in equal numbers of live cells in cloning assays as described (25) . Inhibition of Hh signaling with cyclopamine or 5E1 markedly inhibited the clonal capacity of NCI-H929 and KMS12 cells (Fig.  3B) . By contrast, RPMI 8226 cells, which lack SMO expression, were unaffected (Fig. 3B) . NCI-H929 cells transiently overexpressing GLI1 were resistant to the inhibitory effects of cyclopamine on clonal growth (Fig. 3C) .
The clonogenic capacity of CD19 ϩ CD27 ϩ cells obtained from five different MM patients' bone marrow aspirates was also inhibited by both cyclopamine and 5E1 treatment (Fig. 3D) . Because normal CD19 ϩ CD27 ϩ bone marrow cells are not clonogenic in this assay (25) , the effect of the Hh pathway blockade is entirely due to effects on MM stem cells, suggesting that Hh signaling is required for the clonal expansion of MM progenitors isolated from the human bone marrow. To further confirm the specificity of our strategies to inhibit Hh signaling, we generated an siRNA directed against SMO, which resulted in a 10-fold reduction in transcript levels in NCI-H929 cells (data not shown). Mock transfection, or transfection with a noncoding siRNA, had no effect on clonogenic growth, whereas the addition of cyclopamine inhibited clonal growth in both cases (Fig.  3E) . By contrast, SMO-specific siRNA effectively reduced clonogenic capacity, but no additional inhibition was observed with the addition of cyclopamine to these cells (Fig. 3E) . These data suggest that, in NCI-929 cells, cyclopamine and SMO siRNA have identical effects on stem cell function. The specificity of cyclopamine is demonstrated by the absence of additional growth effects in cells lacking its molecular target.
Inhibition of Hh signaling may limit clonal growth of MM by depleting the stem cell population through cell death or differentiation, or it may act to block expansion of a transient amplifying population. To address this issue, we studied the effects of the Hh pathway blockade on the stem cell and plasma cell compartments of MM. Treatment of NCI-H929 cells with cyclopamine resulted in a relative decrease in the CD138 neg population (Fig. 4A ). Cyclopamine treatment of purified CD19 ϩ
CD27
ϩ bone marrow cells from MM patients induced significant plasma cell differentiation, accompanied by a similar depletion of the CD19 ϩ population (Fig. 4 B and C) . We recently demonstrated that a Hoechst 33342 negative side population in MM correlates functionally and phenotypically with our previously defined MM stem cell population (25) . Depletion of the side population fraction in NCI-H929 (Fig. 4D ) and KMS12 (data not shown) cells treated with cyclopamine supports our contention that the MM stem cell compartment is Hh pathway-dependent and mirrors recent similar findings in embryonal brain tumors by using Notch pathway inhibitors (32) .
Activation of Hh signaling in CD138 neg progenitors isolated from NCI-H929 cells with ShhNp induced a marked expansion of this progenitor population (Fig. 4E) . The maintenance, by Hh stimulation, of CD138 neg cells through 12 days of continuous growth (SI Fig. 6 ) is consistent with prior studies demonstrating the capacity of Hh ligand stimulation to expand undifferentiated bone marrow stem cells in vitro (29, 33) . Taken together, our results are most consistent with a model in which Hh pathway inhibition depletes the clonogenic fraction in MM through terminal differentiation rather than cytotoxicity, and that activation of Hh signaling has the capacity to expand MM stem cells without triggering terminal differentiation.
Discussion
We have explored the potential role of Hh signaling in cancer stem cell biology by studying MM, a hematologic malignancy with a phenotypically distinct progenitor population (25) . This model allowed us to explore how Hh signaling might function in cancers lacking mutations in PTCH1 or SMO that result in clonal deregulation of Hh signaling. In our model, we find that the stem cell compartment expresses SMO and GLI1, but little PTCH1, whereas the differentiated plasma cell compartment appears to gain PTCH1 and IHH expression at the expense of SMO. These findings are supported by recent studies identifying high-level expression of Hh pathway components in benign and malignant breast epithelial progenitors (34) , although these authors found coexpression of SMO, PTCH1, GLI1, and IHH within the tumor-initiating spheres, perhaps reflecting a more heterogeneous progenitor population than in the MM stem cell model. Our data also suggest that, in stem cell populations, downregulation of PTCH1 in the presence of high-level SMO expression renders such cells sensitive to Hh ligand and results in pathway activation. Consistent with this idea is our demonstration that Hh ligand can markedly expand the MM stem cell population when delivered exogenously. Because normal bone marrow stromal cells are a potential source of Hh ligand (29, 30) , it is also possible that MM progenitors activate Hh signaling through interactions with the bone marrow microenvironment. Testing this concept in lung, pancreas, and prostate cancers will require definitive identification of clonogenic progenitors. Nevertheless, if our demonstration of Hh pathway activation in the stem cell compartment of a non-Gorlin tumor can be confirmed in these tumors, our findings would have significant implications for the investigation of Hh pathway signaling in cancer, which include: (i) the possibility that Hh pathway activity may be present in a very small percentage of tumor cells, necessitating selection or isolation of tumor cell populations for optimal examination of Hh pathway activity; (ii) the marked effect of the tumor microenvironment on Hh signaling; (iii) the potential need to measure responses to Hh pathway inhibition by measuring clonogenic capacity rather than overall cell growth; (iv) the possibility that PTCH1 transcription may be modulated by mechanisms other than GLI signaling in tumor stem cells; and (v) the potential need to shift the emphasis of preclinical and clinical studies of Hh antagonist therapy toward measures of long-term self-renewal. If SMO antagonists are used to target cancer stem cell self-renewal, the ability to measure Hh pathway 
